Fleshy fruits are an essential part of the human diet providing vital vitamins, minerals and other healthpromoting compounds. The texture of the ripe fruit has a signi®cant effect on quality and in¯uences consumer acceptance, shelf-life, resistance, and transportability. The development of rational approaches to improve texture and shelf-life depend on understanding the biological basis of fruit ripening. Until recently, work has focused on the isolation of ripening-related genes from a variety of¯eshy fruits. However, little is known about the genes that regulate this complex developmental process or whether similar regulatory genes are active in all fruiting species. A major breakthrough would be the identi®ca-tion of generic genes associated with texture and other aspects of ripening in¯eshy fruits. In tomato, a small number of single gene mutations exist, such as ripening-inhibitor (rin), non-ripening (nor), Never-ripe (Nr), and Colourless non-ripening (Cnr) which have pleiotropic effects resulting in the reduction or almost complete abolition of ripening. These mutations probably represent lesions in regulatory genes. The cloning of the wild-type alleles of RIN and NOR is reported by Moore et al. in this issue. This review focuses on the texture characteristics of the Cnr mutant. A possible framework for the molecular regulation of fruit texture is discussed and quantitative genetic approaches to determining the generic attributes of fruit texture are explored.
Introduction
Fruit ripening is a tightly controlled and highly programmed developmental event (phase transition) involving the co-ordination of a multitude of metabolic changes. Texture changes result from underlying regulatory events that control the ripening process. The goal is to understand the molecular and genetic basis of these events. Ethylene plays a major role in initiating ripening in climacteric fruits such as tomato and apple. However, non-climacteric fruits such as strawberry do not show a burst of ethylene production during ripening and other hormones such as auxin play a more conspicuous role. Furthermore, there is strong evidence that additional developmental components are critical for the initiation and regulation of ripening, for example, the RIN gene (Giovannoni, 2001; Moore et al., 2002) . Conservation of gene function during evolution may permit the identi®cation of a common set of key regulatory genes that can be manipulated to modulate ripening and texture in many types of¯eshy fruits. This review focuses on three approaches for identifying genes regulating fruit texture: (1) tomato ripening mutants, (2) candidate genes from Arabidopsis and (3) the resolution of quantitative trait loci (QTLs) accounting for variation in apple fruit texture.
Pleiotropic tomato ripening mutants
Tomato is the model system of choice for studying the biology of¯eshy fruits. The physiology, biochemistry, molecular biology, and genetics of ripening in this fruit are relatively well characterizedÐthere is an excellent molecular map (Tanksley et al., 1992) and a number of nonripening mutants. The model plant Arabidopsis thaliana is providing signi®cant information on the control of fruit development Ferra Ândiz et al., 2000; Ferra Ândiz, 2002) , but it has dry dehiscent siliques, in contrast to the¯eshy fruits which form a signi®cant part of human diet. Also it is dif®cult to do the appropriate biochemical studies on Arabidopsis fruits or test hypotheses relating to fruit quality. Thus, information from Arabidopsis genomics resources must be combined with knowledge about a suitable¯eshy fruit model.
In tomato, there is a rare class of single gene mutations that have a profound effect on ripening. The rin (ripeninginhibitor; Robinson and Tomes, 1968) , nor (non-ripening; Tigchelaar et al., 1973) , Nr (Never-ripe, Rick, 1956) , and Cnr (Colourless non-ripening, Thompson et al., 1999) are the best characterized. These pleiotropic mutations are likely to encode important regulatory genes. The Nr gene has been cloned and encodes a protein with homology to the Arabidopsis ethylene receptor ETR1 (Wilkinson et al., 1995) . The wild-type alleles residing at rin and nor have been cloned and their possible roles in the developmental regulation of ripening are discussed by Moore et al. (2002) . The nor and rin mutations are used to enhance the shelf-life of tomato fruits in commercial practice. Recent research from this laboratory has focused on the Cnr mutation, which has a particularly dramatic effect on fruit texture. The eventual aim is to understand the structure of the genes identi®ed by these mutations and to place their encoded proteins into a framework that will describe the molecular regulation of fruit ripening and, if possible, link speci®c regulators to the control of fruit texture.
The Colourless non-ripening (Cnr) mutation has a signi®cant effect on cell wall disassembly and tissue mechanical properties Cnr is a dominant mutation that arose spontaneously in a commercial population of cv. Liberto in 1993. This single gene mutation results in a non-ripening fruit phenotype with two distinct characteristics: (1) ®rm fruit with much reduced cell-to-cell adhesion and (2) complete abolition of carotenoid biosynthesis in the pericarp (Thompson et al., 1999; Fraser et al. 2001) . The fruits of Cnr have an obvious mealy texture when ripe and SEM images of freezefractured tissue resemble those obtained from mealy apples in having pronounced intercellular spaces (Fig. 1) . The Cnr fruit also¯oat when placed in water indicating an altered tissue structure and a reduction in speci®c gravity (AJ Thompson, GB Seymour, unpublished results) . The fruits¯oat because there is approximately 50% more intercellular spaces in Cnr pericarp than in the wild type (Or®la et al., 2001) . The highly mealy appearance of Cnr fruits is the opposite of the juicy phenotype desired by the consumer, and this mutant may provide a direct route to dissect the molecular basis of juiciness in fruits. Texture is determined by a variety of attributes including juiciness, crispness, and stiffness which are likely to re¯ect particular facets of cell wall structure, especially cell wall strength and cell-to-cell adhesion. The mealy phenotype of Cnr must re¯ect signi®cant changes in the cell wall structure of the mutant pericarp and the modi®cation of cell walls is an important aspect of plant cell development. During fruit ripening the regulated swelling and dissolution of primary cell walls and the modi®cation of middle lamellae between adherent primary cell walls are important factors contributing to tissue softening (Seymour and Gross, 1996) . Cell wall disassembly during ripening is not fully understood, but in all cases appears to involve modi®cations to the network of pectic polysaccharides.
Pectic polysaccharides, the most complex class of polysaccharides in plant primary cell walls (Jarvis, 1984) , are composed of a backbone of polygalacturonic acid, interspersed in some polymers with rhamnosyl residues. These structures, based on homogalacturonan (HG) and rhamnogalacturonan (RG) domains, are elaborated with a range of modi®cations and substitutions including methyl-esteri®cation, acetylation and the addition of neutral polysaccharide side-chains that are often rich in (1®5)-a-arabinan and (1®4)-b-galactan components (O'Neill et al., 1990; Albersheim et al., 1996; Mohnen, 1999) . During ripening these polysaccharides are modi®ed to varying extents including the deesteri®cation of HG by pectinesterase (PE) in¯uencing its capacity to form calcium cross-linked gels and the removal of galactan side-chains (Seymour and Gross, 1996) . The pectic polysaccharides are thought to act as the major glue between cells, enhancing cell adhesion in the middle lamella through the formation of calcium cross-links between adjacent chains of HG. Indeed in ripe tomato fruits most cells in the pericarp can be made to separate by placing the tissue in a calcium chelator, although this is not the case in tissue from unripe fruits (Thompson et al., 1999) .
The hypothesis that the signi®cant increase in cell separation in Cnr is due to changes in the structure of the tomato pericarp cell walls, and that speci®c alterations to pectin structure play a major role (Or®la et al., 2001 has been tested. Observations made by the examination of fracture planes with a scanning electron microscope reveal that, in ripe Cnr fruit, the cells separate at the middle lamellae rather than rupture and this is consistent with the mealy texture of Cnr fruits. Thus, Cnr has either stronger cell walls or weaker intercellular connections, or is different from wild-type fruits in both these respects.
The strength of Cnr cell walls has been tested by mechanical analysis using a single cell probe. The force required for cell wall failure dropped by only c. 25% in ripe Cnr, compared with a reduction of c. 80% in ripe wildtype pericarp cells, indicating that the Cnr cell walls are indeed stronger. The strength of the middle lamella region could not be tested directly, but the ease with which Cnr pericarp cells separate suggests a reduction in cell adhesion along with an increase in cell wall strength (Or®la et al., 2001) . Since cell adhesion in ripe tomato fruit pericarp is, to a large extent, a re¯ection of the calciumbinding capacity of the tissue, the calcium-binding capacity was tested directly using electron energy loss spectroscopy imaging. It was found that, in Cnr, values for relative calcium-binding in both cell walls and middle lamellae were much lower than for wild-type at both the ripe and unripe stages. In addition, water-soluble pectic polysaccharides from Cnr were found to be more methylesteri®ed than the equivalent component from wild-type fruits, particularly at the mature green stage. Furthermore, immunocytochemistry revealed low levels of de-esteri®ed pectins capable of binding calcium in the middle lamellae of Cnr cell walls. Indeed this region appeared to have reduced levels of HG or HG of altered structure. In short, although changes occur in the middle lamella of Cnr pericarp cell walls during ripening, they do not result in the abundance of calcium-cross-linkable HG capable of maintaining cell-to-cell adhesion seen in normal fruits. Additionally, the immunocytochemistry revealed that the deposition of (1®5)-a-arabinan in Cnr cell walls was disrupted and lower levels of pectic arabinans were found even in unripe fruits (Or®la et al., 2001) . Reduced levels of pectic arabinans have been associated with loss of cell-tocell adhesion in cell cultures (Iwai et al., 2001) . It seems likely, therefore, that the mealy tissue phenotype in Cnr is partly caused by changes in the maturation of the middle lamella HG, speci®cally those related to calcium-binding capacity. The loss of the pectic arabinans from the cell walls may also play a critical role.
Effect of Cnr on changes in enzyme activity and gene expression normally associated with ripening
Cnr is a dominant mutation and, therefore, likely to represent a gain of function. The failure of pectic arabinans to accumulate in the cell walls of unripe fruits and changes in the structure of mature green cell walls indicate that the mutation is having an effect prior to the normal onset of the ripening process. This is particularly apparent when expression and activity of PE is examined in the mutant. Several isoforms of PE are present in normal fruit during development and ripening. In particular, PE isoform II is fruit-speci®c and up-regulated in wild-type immature fruit pericarp prior to the onset of ripening. Expression is then maintained at a high level during ripening. In Cnr, this isoform of PE appears to be expressed only in immature fruits (E Eriksson, J De Silva, GA Tucker, GB Seymour, unpublished data) . This change in PE levels may account for the differences in the distribution of de-esteri®ed pectin in Cnr cell walls and would be likely to affect the calciumbinding capacity of the cell wall. There are also numerous other changes in both unripe and ripe Cnr fruits compared with the wild type as shown in DNA micro-array experiments using large numbers of ripening-related genes (E Eriksson, A Bovy, J De Silva, GA Tucker, GB Seymour, unpublished results). The Cnr mutation is having Fig. 1 . Scanning electron micrographs of fracture surfaces of tomato pericarp tissue (Ailsa Craig and Cnr) and apple cortex tissue from crisp (J045) and mealy (J126) selections. Apple lines were from a segregating population resulting from a cross between`Prima' and`Fiesta' (syn.`Red Pippin'). Scale bars=200 mm. a signi®cant effect on many aspects of ripening-related gene expression and is consistent with Cnr representing a lesion in a regulatory factor. The Cnr locus has been mapped to tomato chromosome 2 close to the CT277 and TG14 markers (To Èr et al., 2002) and a chromosome walk to the gene is at an advanced stage (K Manning, GB Seymour, unpublished results).
Among those genes with an altered pattern of expression during ripening in Cnr is the MADS-box gene TDR4. This gene shows strong sequence homology with the FRUITFULL (FUL) MADS-box gene in Arabidopsis. FUL is involved in regulating silique development (Ferra Ândiz et al., 2000; Ferra Ândiz, 2002) , is necessary for fruit valve differentiation and is a negative regulator of other MADS-box genes which promote dehiscence. Constitutive expression of FUL is also suf®cient to prevent the formation of the dehiscence zone. TDR4 is a likely tomato orthologue of FUL and in wild-type tomato fruit TDR4 shows low levels of expression throughout development, but its expression increases signi®cantly at the onset and during ripening. However, in Cnr there was no marked ripening-related increase in TDR4 mRNA (E Eriksson, J De Silva, GA Tucker, GB Seymour, unpublished results) . It is possible that TDR4 plays an analogous role to FUL in Arabidopsis. High levels of TDR4 expression in normally ripening tomato fruits may repress cell separation in the pericarp, preventing a total loss of cell-to-cell adhesion. In Cnr, low TDR4 expression could be responsible for some aspects of the mealy phenotype observed in the mutant. This hypothesis is now being tested using transgenic tomato plants.
Conservation of gene function and the regulatory network
The information from the various tomato mutants and Arabidopsis provides the basis for developing a framework to explain the molecular regulation of fruit texture. The genes residing at the rin and nor loci are transcription factors, and RIN is a MADS-box gene (LeMADS-RIN) Moore et al., 2002) . The identity of the gene at the Cnr locus is not yet known, but the texture phenotype of Cnr has been well characterized. The Cnr mutation affects the expression of the putative FUL orthologue TDR4, and the expression of this gene is also severely repressed in both rin and nor mutants (J Giovannoni, unpublished results), while the expression of LeMADS-RIN and NOR appear unaffected in Cnr. These results suggest that, if a regulator is present at the Cnr locus, it is operating either in a different network from LeMADS-RIN and NOR or is below these genes in the cascade. However, low levels of TDR4 expression in rin, nor and Cnr may indicate a common point of in¯uence where the regulatory networks overlap. How the gene at the Cnr locus in¯uences TDR4 expression remains to be determined. The absence of detailed mechanical studies of tomato texture attributes for the rin and nor mutations makes it dif®cult to compare information on cell wall strength and other features between Cnr, rin and nor. These types of detailed mechanical measures will be important to help link physical properties with enzyme activities and transcriptional regulators. Orthologues of the tomato NOR and RIN genes appear to be present in other¯eshy fruits including strawberry (Moore et al., 2002) , and it is predicted that CNR will be similarly conserved. In the case of FUL, a similar MADS-box gene from Antirrhinum majus, DEFH28 has recently been reported (Mu Èller et al., 2001 ). This gene is expressed in carpel walls and experiments in transgenic Arabidopsis indicate that over-expression of this gene results in the same silique phenotype as found in FUL plants. The fruit of Antirrhinum are capsules and the authors speculate that DEFH28 may regulate carpel wall differentiation and fruit maturation in this species. There is evidence that fruit such as tomato have been derived from ancestral capsular fruits (Knapp, 2002) . It seems reasonable to predict that genes other than FUL which are involved in regulating fruit development and dehiscence in Arabidopsis will have orthologues in¯eshy fruits, and that some of these may in¯uence quality.
As has been seen, information from tomato and Arabidopsis mutants provides insights into the generic nature of genomic regulation during carpel development. Extrapolation of such ®ndings to a wider range of¯eshy fruits and relating these to texture traits such as crispness and juiciness, as assessed in the production chain and, in particular, by consumers, is dependent upon a broader genetic approach.
Quantitative genetic approaches to determining the generic attributes of fruit texture Genetic variation for texture in tomato, apple and other fruits results from the segregation of numerous interacting QTLs. Recent studies in tomato have shown that it is possible to identify genes underlying a QTL effect. Frary et al. (2000) have identi®ed a single gene responsible for determining a signi®cant step in the increase in fruit size during the domestication of tomato, and a QTL for tomato sugar content was linked to an invertase gene by Fridman et al. (2000) . QTL analysis of fruit quality in fresh market tomatoes has shown that a few chromosome regions control the variation in organoleptic quality as determined by both physical and sensory measures (Causse et al., 2001 (Causse et al., , 2002 . Interestingly, this QTL analysis revealed a signi®cant effect for juiciness in tomato occurring between the region of chromosome 2 close to the Cnr locus (TG14 marker) and the TG49 marker on chromosome 4 (Causse et al., 2001) .
A range of quantitative genetic studies has been carried out on dessert apple Malus pumila (Mill.), the fruit¯esh of which consists of a cortex of cells radially elongated, with variation in degree of radial airspaces (Khan and Vincent, 1990) . Cell size increases from close to the region of the vascular bundles towards the outer cortex where cell size then decreases and cells become more spherical (Bain and Robertson, 1951) . Variation in the texture of this tissue is a major component of consumer preference for eating quality. In genetic studies on fruit¯esh, it is essential to be able to assign the variation observed to the various developmental and environmental factors, and then establish the genetic contribution.
The initial approach was to account for genetic variation in ®rmness of apple fruit as determined by the Magness± Taylor penetrometer (Magness and Taylor, 1925) , stiffness determined by acoustic resonance, and sensory attributes of texture assessed by a trained panel (King et al., 2000) . The QTL analysis was based on an unselected segregating population, replicated at several sites, for which a detailed linkage map had previously been constructed (Maliepaard et al., 1998) . The mechanical measures used were amenable to large-scale objective screening of fruit required for breeding and genetic studies and, indeed, penetrometer readings are routinely used in the production chain. However, it was important to establish the relationship between the physical measurements and sensory assessment, in order to establish a genetic basis for consumer perception of texture. Fruit ®rmness, as determined by penetrometer, measures the force required to press a bluntended probe into the tissue. The resistance to penetration is a combination of compression stiffness and strength and shear strength, and represents a compound of largely uncontrolled deformations and failures. The complexity of the penetrometer measure was re¯ected in the QTL analyses, where effects in at least one environment were observed for 12 of the 17 Malus linkage groups. Signi®cant QTL (LOD scores between 4.5 and 7.4) were observed for three linkage groups (Fig. 2) .
Sensory assessment was also successful in detecting QTL representing different attributes of fruit texture. For one or more of the sensory descriptors, QTL effects were found for nine linkage groups (King et al., 2000) . A highly signi®cant QTL was detected on apple linkage group 16 (L16) for the descriptors crispness (LOD=6.0), juiciness (LOD=14.8), sponginess (LOD=7.7), and overall liking (LOD=11.3). Although this QTL region was not detected by either penetrometer or acoustic resonance measure, it did map in coupling to the region of Ma, the malic acid gene (Maliepaard et al., 1998) .
A more detailed understanding of the physical properties of fruit¯esh contributing to the observed genetic variation can be acquired by assessing the mechanical properties of fruit tissue using a range of measures routinely employed in materials testing. Therefore, the previous studies were extended to carry out a quantitative genetic analysis of cell parameters on the same reference apple population and to determine whether there may be a direct relationship between genetic variation for mechanical and sensory measures and cellular structure of the fruit cortex, since it is known that the morphological components in apple parenchyma greatly in¯uence its mechanical properties (Vincent, 1989) . In particular, there was interest in accounting for the variation of the sensory traits, crispness and juiciness, by carrying out QTL analysis of mechanical measures derived from compression and wedge fracture tests (King et al., 2001) . For wedge fracture tests signi®cant QTL were detected on L16 and L01 with LOD scores Fruit texture 2069 between 5.2 and 9.8. Those on L16 corresponded to positions previously determined for sensory measures of crispness and juiciness. Distance at maximum force was accounted for by a single QTL on L16 (LOD score of 6.8), and correlated well with crispness and juiciness, suggesting that it may be appropriate for the selection of genotypes with fruit possessing desirable texture attributes. It was also established that the association of sensory texture QTL on L16 is unlikely to be due to perceptual interactions with the Ma acidity locus. For compression measures, QTL were detected on L01, L06, L08, and L15, with LOD scores between 4.8 and 8.6. Speci®c gravity is well correlated with compression stiffness modulus, and both have signi®cant QTL on L06 with LOD scores of 8.0 and 5.0, respectively. With any QTL study based upon one population, care has to be taken in generalizing ®ndings to the remainder of the crop gene-pool. To date, initial comparisons have been carried out in another apple segregating population and the ability to identify individuals which were recombinant for texture traits based on their acidity was demonstrated. Thus, the QTL for crispness and juiciness on L16, linked to the malic acid locus, appears to be conserved between two segregating families, although the effect of the QTL on the physical traits appears to differ in the two genetic backgrounds.
Together these studies indicate that there are speci®c regions of the apple genome which can account for signi®cant proportions of the genetic variation for fruit texture. In peach, QTL for several fruit quality traits including acidity and soluble solid content, measured instrumentally, have been located recently in the same regions of just two linkage groups (Dirlewanger et al., 1999) . In tomato, a region on chromosome 6 contained a QTL for fruit mass, pH and soluble solid concentration (Paterson et al., 1991) .
Using genetic co-linearity to identify candidate genes regulating fruit texture QTL analyses can indicate regions of a genome which contribute to trait variation. Increasing the resolution to the point where these effects can be ascribed to speci®c genes requires access to a larger number of recombinants, development of near-isogenic or substitution lines, and increased map resolution. Identi®cation of candidate genes can also be facilitated through studies of co-linearity (conservation of gene order) with other genomes. The rationale for such an approach is based on the expectation that information gained from gene order from a wellstudied genome may be extrapolated or interpolated to a range of more complex and valuable crop genomes. There is increasing evidence that conservation of gene order exists at different levels of cohesion dependent upon common evolutionary origins and relationships. In particular, co-linearity may contribute valuable information to increasing the number of genetic markers or candidate genes when used over short comparative regions between apple, tomato and Arabidopsis. For instance, Ku et al. (2000) compared the gene content and gene order of a 105 kbp segment of tomato chromosome 2 to its homologues in the Arabidopsis genome and suggested that there was a network of microsynteny between these two plant species. This information has now been used to ®nd additional markers near the tomato ovate locus and has provided important information that allows this locus to be cloned (Ku et al., 2001) . A similar strategy is being used to clone the gene at the Cnr locus on tomato chromosome 2 (K Manning, G King, GB Seymour, unpublished results) . In order to exploit such information for apple there is a need for a more focused development of physical maps. Physical mapping resources such as BAC libraries exist for apple, and map-based cloning efforts have been carried out for major resistance genes (Patocchi et al., 1999; V Cevik, G King, unpublished data) .
Outlook
Numerous ripening-related genes have been cloned from tomato and other fruits and their encoded proteins have been identi®ed as being involved in all the major biochemical changes, including carotenoid biosynthesis, cell wall disassembly and¯avour development. However, connecting these downstream events with regulatory genes and with the signalling and co-ordination mechanisms involved in the induction of ripening remains a signi®cant challenge. The emerging information on conservation of gene function during the evolution of fruiting species provides a basis for connecting the regulators with the biochemical processes and, thereby, a route for signi®cant advances in breeding fruit crops ®t for purpose.
